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ABSTRACT 
Leakage in a vacuum system causes the pressure to rise if it is not compensated like in case the 
supply energy carriers fail. This leads to the workpiece to be dropped. So in order to design vacuum 
gripping systems that can withstand a failure of the supply energy carriers over a predefined amount 
of time, it is crucial to know the influences and effects of leakage. In previous examinations the 
behavior of leakage has been examined on the basis of a closed fluidic reservoir with a hole in its 
wall. But the only impacts taken into account here are the volume of the reservoir, the diameter of the 
hole and the pressure difference. Whereas when it comes to vacuum gripping systems, the leakage 
has significantly more influencing factors as it is neither a single component nor a closed system. In 
vacuum gripping systems leakage mostly occurs at the interface between the suction cups and the 
workpiece. So in this contribution the focus is on the impact of the properties of those components, 
and how the variation of these properties affects leakage. To achieve this, a theoretical description is 
done based on the aforementioned research, which is expanded in order to the relevant characteristics 
of a vacuum gripping system. After that the description is evaluated on a test bench. The goal is to be 
able to make a statement about the leakage rate for a vacuum gripping system composed of standard 
components. This can then be used in the design process of such gripping systems, which have to 
fulfil the requirement of compensating leakage in case the energy supply fails. 
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1. INTRODUCTION 
Current design methods for vacuum gripping 
systems mostly focus on load transfer or 
selection of gripping points (c.f. e.g. [1 5]). 
They do not take into account a possible failure 
of the supply energy carriers. Especially in cases 
where dropping the workpiece can result in 
severe damage knowledge about leakage is 
crucial. This occurs for example in special 
human-robot collaboration applications where 
extraordinary heavy objects like batteries for 
vehicles with a hybrid powertrain are handled 
[6]. Dropping these can harm bystanders on one 
hand through their mass that can be above 
100kg, and on the other hand through an 
exothermic chemical reaction that is caused by 
the drop. 
In order to avoid that, knowledge about the 
impacts and effects of leakage is crucial. 
2. STATE OF THE ART 
Since a vacuum system consists of different 
components which have to be sealed to each 
other, so-called leaks can occur. They cause a 
gas inflow and can have different geometric 
characteristics [7]. These occur in vacuum 
gripping systems, when there is no completely 
closed sealing lip. This incomplete seal can be 
caused, for example, by uneven and rough 
workpiece surfaces [8]. The shape of the suction 
cup can also influence the leakage [9]. In 
general, the gas inflow  into a vacuum system 
can be divided into several inflow components: 
   (1) 
These are described as follows [10]: 
describes the inflow due to geometrical 
openings between the vacuum system 
and the environment.
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describes the gas flow that occurs due 
to induced or thermal desorption, the 
process by which atoms or molecules on 
the surface of a solid enter the gas phase. 
describes the gas flow through 
completely dense parts (so-called 
permeation), a diffusion process due to a 
pressure gradient.
describes the process flow that occurs 
in the vacuum system due to a vacuum 
technology process such as sublimation 
or evaporation of substances under 
vacuum.
The leakage  due to openings between the 
vacuum system and the environment (in 
particular at the contact area of workpiece and 
suction cup) can be divided into three categories 
(cf. Figure 1) [11].  
Figure 1: Three categories of leakage in vacuum 
gripping systems according to [11] 
First order leakage (left) occurs within the 
suction surface at an opening in the workpiece. 
This is the case, for example, with perforated 
sheets. The second order leakage (middle) 
results from leaks between the contact surface of 
the suction cup and the workpiece. This can 
occur, for example, with uneven workpieces 
such as checker plates. Consequently, the 
surface roughness of the workpiece has an 
influence on the leakage [12, 13]. Third order 
leakage (right) is due to air permeability of the 
workpiece, for example with wood or cardboard. 
This means that this type of leakage occurs 
continuously with these materials. The inflow 
component can be described as [14]: 
    (2) 
Assuming that the product of pressure  and 
volume  changes, this results in [15]: 
     (3) 
If the volume is constant it results in:  
    (4) 
With this correlation it is possible to determine 
the pressure rise  at a known volume . Since 
the increase in pressure is caused by an opening 
between the vacuum system and the 
environment, and thus a so-called leak is 
present, the inflow is constant over time [10, 14, 
16]: 
   (5) 
The leakage can be described as follows: 
   (6) 
This allows the leakage to be determined by 
measuring the pressure increase over time (so 
called pressure rise method) [17, 18]. However, 
the constancy only applies to a certain pressure 
range. When the vacuum generator is switched 
off and the temperature is constant, the 
following applies according to (5): 
    (7) 
Thereby the pressure  in the system ranges 
below the critical pressure . Here the gas 
flow is constant. The critical pressure  is 
decribed by [19]: 
     (8) 
As soon as the critical pressure  is exceeded 
the the inflowing gas flow decreases with 
increasing pressure. In general, the relationship 
between time and pressure over the entire 
vacuum range can be described as follows [19]: 
 (9) 
Depending on the application, a certain leakage 
can also be deliberately permitted. The 
prerequisite for this, however, is that the vacuum 
generator ensures a sufficiently low pressure 
despite leakage [21]. Measures to reduce or 
compensate for leakage are the use of suction 
cups with a smaller circumference or more 
powerful vacuum generators [8, 22]. 
3. ANALYSIS OF THE BOUNDARY 
CONDITIONS 
The following applies to the vapor pressure of 
water  [20]: 
  (10) 
with  and the range of T 
defined as . For the 
reference temperature of  can be 
determined: 
    (11) 
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This is below the pressure range of vacuum 
handling systems which is between  and 
 [1]. This means the influence of 
desorption  does not have to be considered. 
The order of magnitude of the inflow component 
 is even smaller [10]. Since no vacuum-
technical process takes place in the vacuum 
gripper, the inflow component  does not occur 
here. From (9) the relationship between the time 
 and the pressure after completion of the 
evacuation process  to the pressure 
increasing due to leakage in a closed container 
with a circular opening having the diameter  is 
known. The calculation factor  is determined 
by:  
 (12) 
For the calculation factor  over the pressure 
ratio  see Figure 2. 
Figure 2: pressure calculation factor over pressure 
ratio for pressure increase in a closed 
container with a defined leak 
Whereby according to (8) . The 
linear relationship therefore applies in the 
range . If the function  is 
examined more closely, the area 
is approximately linear (c.f. Figure 3) with the 
following correlation: 
    (14) 
Figure 3: linear approximation of the calculation 
factor over pressure ratio for pressure 
increase in a closed container with a 
defined leak
According to the magnitude of pressure increase 
over time the leakage can be assigned to 
different states of the vacuum gripping system. 
Table 1 shows the different states of vacuum 
gripping systems depending on leakage for 
suction-tight sheets [23]. 
Table 1:  different states of vacuum gripping systems 
depending on leakage
system state leakage in holding time in s 
tight 
low leakage 
heavy leakage 
Not tight 
In addition, the holding time of the workpiece is 
listed for which the workpiece can no longer be 
gripped. It is based on a final pressure 
of , a pressure of  at which 
the workpiece is dropped, and the assumption 
that the leakage is not compensated. The ranges 
of leakage show that the pressure rise method is 
sufficient, as other methods can measure leakage 
several orders of magnitude below the values 
listed in Table 1 [24]. 
Furthermore, the handling of flexible 
workpieces poses a danger as they change their 
shape significantly during the handling process 
[25, 26]. If these protrude beyond the suction 
cups of the gripper system, there is a risk that 
the deflection of the workpiece will cause 
marginal gaps to form, which will promote 
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second order leakage and ultimately lead to the 
tearing off of the workpiece [22]. 
Workpieces that allow first and third order 
leakage to occur are also risky to handle in a 
HRC application. Here the leakage is so high; 
the workpiece is almost immediately dropped. 
This means the workpieces that can be used here 
have to be rigid as well as suction-tight. 
4. EXAMINATION OF LEAKAGE 
Figure 4 shows the different components of the 
handling process and their parameters that can 
influence the leakage. Preliminary examinations 
show that leakage of a closed vacuum gripping 
system where the suction cups are replaced by 
sealed plugs is  Considering the 
values in Table 1 leakage of this magnitude is 
negligible.  
Figure 4: influence factors of leakage 
Both the gripping system as a whole and the 
suction cup as a single component influence the 
leakage, depending on their characteristics. 
There are also influences from the workpiece, 
and characteristics of the handling process. The 
gripping system influences the leakage by the 
size of the internal volume, which is made up of 
the suction cups, hose lines and any fluidic 
reservoirs. Due to the variety of applications 
there are many types of suction cups which 
differ in properties such as material and the 
Shore hardness, geometric shape and diameter. 
It should be noted however, that in most cases a 
larger diameter is accompanied by a larger 
volume of the suction cup (see e.g. [27]). It is 
therefore more appropriate to consider the ratio 
of volume to circumference. The suction cups 
are also subject to wear, as they are in direct 
contact with the (rough) workpiece. This is 
therefore dependent on the number of load 
cycles. The workpiece has a surface roughness 
and a weight that influences the leakage. 
If (9) is applied to the vacuum gripper system, 
the relationship between  and  in the range 
 can be described as follows: 
      (15) 
In addition, the following relationship applies to 
 and : 
      (16) 
Or with the quadratic dependence of the area 
of the diameter : 
      (17) 
If the quantity  resulting from the opening of 
the container is transferred to the openings 
between the suction cup and the workpiece 
interface, the area  can be described on the 
basis of the equations for the mean roughness 
value Ra as follows [28]: 
   (18) 
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Whereby describes the course of the 
surface profile in the direction of the coordinate 
 over the length  with the maximum 
expression . This leads to the conclusion that 
there is the following relationship between  and 
Ra: 
      (19) 
Moreover, it follows from equation (18) that 
 which means that: 
      (20) 
Where  is the length of the circumference  of 
the suction cup and the quotient  is the ratio 
between volume and circumference of the 
suction cup. In addition, equation (9) shows the 
relationship: 
   (21) 
so 
     (22) 
where: 
     (23) 
It therefore applies with equation (9): 
   (24) 
If the mass m of the workpiece is considered in 
the form of the weight force  with 
and the context 
      (24) 
follows. 
4.1. Test Design and Setup 
First, the changes of the determined influencing 
factors of the leakage are examined in a one-
factor-at-a-time test design. In the process the 
proportional correlations derived from the 
theoretical consideration are to be checked. The 
factors examined and their levels are shown in 
Table 2. The parameters highlighted in grey 
form the reference system. The remaining 
parameters with the expected non-linear or 
unknown correlation between pressure and time 
are determined by a completely factorial test 
design with 3 factors of 3 to 5 levels [29]. The 
structure of the test bench is shown in Figure 5. 
The workpiece (1) is positioned on a frame (2) 
in order to enable an approximately reproducible 
position of the workpiece parallel to the suction 
cups (3). The gripper consists of four suction 
cups, and is brought to the desired pressure level 
by the vacuum generator (4). The pressure is 
measured by a pressure sensor (5). 
Figure 5: test bench for measuring leakage 
4.2. Test results of the one-factor-at-a-time 
test execution 
The test results for the individual parameters 
Table 2: factors and levels of the one-factor-at-a-time design for the examination of leakage
factor unit 
level 
1 2 3 4 5 
volume/circumference mm³/mm 53 89 153   
abrasion - new 50xP220 100xP220
material - NR NBR AU   
weight kg 1 2 3 4 5 
surface roughness µm 0,3 2,5 5,7   
volume ml 161 281 409 560 910 
pressure level mbar 300 400 500 600 700 
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examined are listed below. These are shown in 
Figure 6 including the theoretical linear 
approximation. 
Figure 6: mean values and dispersion of the duration 
up to 800 mbar are reached as well as linear regression 
at different initial pressures (top left), different 
volumes (top right), the workpiece weight (bottom left) 
as well as the ratio of volume to circumference (bottom 
right)
Figure 6 (top left) shows the relationship 
between pressure level and ventilation time up 
to an absolute pressure of 800 mbar. It can be 
seen that this is approximately linear. The 
ventilation times of the system with different 
internal volumes also show a linear correlation 
between the ventilation time until 800 mbar is 
reached and the volume of the system (see top 
right). The same applies to the variation of the 
workpiece weight, where there is also an 
approximately linear correlation (see bottom 
left). Whereas here the effect is smaller 
compared to the previous factors. In the static 
state a change in the workpiece weight 
corresponds to a change in the differential 
pressure and therefore too results in a linear 
correlation. A variation in the ratio of volume to 
circumference of the suction cup also shows that 
a linear approximation of the relationship is 
possible (see bottom right). The effect is also 
comparatively small here.  
The most likely reason for variation in all 
experiments is that the workpiece has a little 
tolerance in its positioning. This means that the 
suction cups have slightly different contact 
areas. Due to the marginally uneven surface of 
the workpiece this affects the leakage. It is 
noticeable that with increased compressible 
volume (see bottom right) there is a significant 
variation. A possible reason for this is the 
different roughness of the contact area in 
combination with the compressible volume. If 
the surface is smooth, leakage slowly increases 
pressure and volume leading to a ventilation 
time above average. If the surface is rough, 
leakage causes a fast increase of the volume to 
its maximum. After that, leakage causes a 
speeded pressure increase below average. 
In order to be able to make tendentious 
statements regarding the influence of the 
roughness of the surface of the workpiece on the 
leakage, test specimens with surfaces with Ra 
values of 0,3µm (polished), 2,5µm (smoothed) 
and 5,7µm (roughened) are examined. The 
results are shown in Figure 7 (top left). 
Figure 7: mean values and dispersion of the duration 
up to 800 mbar is achieved with different surface 
roughness of the workpiece (top left), wear conditions 
of the suction cup (top right) as well as suction cup 
materials (bottom left)
It can be seen that the ventilation times here 
differ by several orders of magnitude and a 
hyperbolic approximation (dashed curve) can 
therefore be suitable. In order to make an initial 
statement regarding the wear condition it is 
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simulated using abrasive paper with a grain size 
of P220. For this purpose 50 sanding strokes per 
suction cup are performed for the slightly worn
condition and 100 sanding strokes per suction 
cup are performed for the heavily worn
condition. For the condition as good as new
there is no treatment by the abrasive paper. The 
measurements in Figure 7 (top right) show that 
abrasion significantly reduces the ventilation 
time. 
Suction cup materials that are suitable not 
only for a specific material, but also universally 
for suction-tight and rigid workpieces are 
investigated. The ventilation curves for different 
suction cup materials are shown in Figure 7
(bottom left), whereby the suction cup materials 
have the following Shore hardness: NR 45°, 
NBR 60° and AU 72°. It can be seen that the 
material selection has a large influence on the 
ventilation time. 
4.3. Test results of the full factorial test 
procedure 
The previous experiments show that non-linear 
relationships exist between time and the factors 
surface roughness, wear condition, and material 
of the suction cup according to the findings of 
the experiments in the previous section. These 
influences are therefore investigated on the basis 
of a completely factorial test procedure. The test 
setup is identical to the previous tests. In order 
to investigate different surface roughness, the 
test workpieces are sandblasted with different 
grain sizes. The different Ra values as well as 
the different amount of load cycles applied on 
the suction cups and the materials used are 
shown in Table 3. Here the load cycles are 
applied via compression and decompression of 
the section cups and therefore show way less 
abrasion compared to the sanded suction cups 
from the previous section. 
Table 3: factors and levels of the full factorial test 
design for the examination of leakage 
factor 
level 
1 2 3 4 5 6 7 8 
load cycles 
material NR NBR AU      
roughness in 
µm
0,3 1,44 1,73 1,94 2,45 3,11 4,8 6,07
In the following the test results are presented 
separately according to the different suction cup 
materials. Figure 8 to Figure 10 show the time 
durations up to 800 mbar depending on the 
surface condition and the load cycles. At least 
with regard to surface roughness, there is a clear 
tendency to recognize that the ventilation time 
decreases with increasing Ra value. The number 
of load cycles on the other hand influences the 
molecular structure of the suction cups and is 
thus also influenced by the material. No clear 
tendencies can be identified here. 
Figure 8: ventilation times for different degrees of 
surface roughness and load cycles for NR
Figure 9: ventilation times for different degrees of 
surface roughness and load cycles for NBR
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Figure 10: ventilation times for different degrees of
surface roughness and load cycles for AU 
4.4. Discussion 
The measurements show that the theoretically 
determined linear relationships between 
individual influencing parameters and the 
ventilation time up to 800 mbar are appropriate. 
Consequently, the ventilation time can be 
regarded as proportional to the internal volume, 
the ratio of volume and circumference of the 
suction cup, the pressure difference and the 
workpiece weight. The completely factorial tests 
show that the relationships between ventilation 
duration and surface roughness, number of load 
cycles and suction cup material cannot be 
clearly described mathematically and thus have 
to be measured separately for every single 
application. 
5. SUMMARY AND OUTLOOK 
This paper presents new theoretical and 
experimental examinations of leakage in 
vacuum gripping systems. They fill the gap 
between state of the art design methods for such 
systems and the need for safety in case of an 
energy failure. 
The theoretical and experimental examinations 
of the impact factors and effects of leakage show 
that some of the identified factors correlate 
linear with the ventilation time. Others do not 
but their effects are also shown in this paper. 
These results can be used as a basis to design 
vacuum gripping systems in order to obtain the 
lowest leakage possible. Thereby the 
compensation of leakage can only be temporary, 
and the duration of this compensation has to be 
determined long enough to transfer the 
workpiece to a safe state.  
Further examinations can include more factors 
like different suction cup materials and 
differently shaped workpieces. This can give an 
additional understanding of the effect on leakage 
and makes the design of vacuum gripping 
systems based on leakage suitable for more 
applications. 
NOMENCLATURE 
A Area 
AU polyester-urethane rubber 
C circumference 
d diameter 
L leakage 
m mass 
NBR Nitrile rubber 
NR natural rubber 
p pressure 
p0 ambient pressure 
s length 
t time 
V Volume 
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